Introduction
After most moderate-to-strong earthquakes causing considerable damage (e.g. recent earthquakes such as those of Boumerdes in 2003 , Bam in 2003 , L'Aquila in 2009 , Haïti in 2010 , the losses observed remind local authorities and decision-makers that reducing seismic risk is essential for the well-being and safety of local populations as well as for economic and social stability. The anticipation and simulation of the consequences of an earthquake scenario require knowledge of the probabilistic seismic hazard as well as a representation of the capacity of structures to support the seismic ground motion: this is the objective of seismic vulnerability assessments. Such assessments allow the estimation of probable damage at a large overall scale (country, region, town) and (1) give information on the most vulnerable building categories that must benefit from priority reinforcement; (2) inform local authorities on the level of risk to which the population is exposed compared with other natural or domestic hazards which are more frequent and therefore more easily appreciated by the population, particularly in moderate seismic hazard countries (Dunand and Gueguen, 2012; Lestuzzi et al., 2009) ; and finally (3) allow anticipation of the actions and reactions for crisis management by local or wider communities (Jaiswal et al., 2010) . Coupled with real-time seismic ground motion estimates (e.g., Wald et al., 1999; Worden et al., 2010) , macro-scale vulnerability data is crucial information for the early assessment of damage, as proposed for specific facilities by Wald et al. (2008) .
Old structures, designed before the application of earthquake design rules, and present everywhere, are certainly a critical element affecting the extent of loss and fatalities. Many empirical methods
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for vulnerability assessment have been published, most of them calibrated on post-earthquake observations (e.g., GNDT, 1993; Hazus, 1997; Spence and Lebrun, 2006) . They give the probability of reaching a certain level of damage for a given class of buildings and a given seismic demand.
Recent initiatives as part of the Global Earthquake Model project (GEM, http:// www.globalquakemodel.org) also attempt to provide worldwide vulnerability assessment. This macro model aims to propose and develop global procedures for deriving vulnerability functions for a wide variety of building types defined according to their structural characteristics referenced by the World Housing Encyclopaedia (http://www.world-housing.net) as the building taxonomy (Porter et al., 2001 ).
The key issues and drawbacks of these methods and initiatives are the variability of the response of existing buildings to earthquakes, the inadequate information concerning the seismic behaviour of old design buildings as well as the quality of construction materials and the lack of observation data for adjusting empirical methods to the highest damage grade. All these issues introduce a large epistemic uncertainty to seismic vulnerability assessment and seismic risk analysis. Recent initiatives have been proposed to complete the lack of empirical observations for the highest damage level based on hybrid methods (Kappos et al., 2006) or to reduce epistemic uncertainties related to knowledge of building model using operative modal analysis (Michel et al., 2012) .
Nevertheless, these issues remain critical for moderate seismic prone regions because the mobilization of resources for seismic evaluation is limited, even though the seismic hazard is not negligible. For example, France is rightly regarded as a country with moderate hazard. However, several destructive historical earthquakes have occurred in the past, the most recent (1909 Lambesc earthquake) killing 42 people and causing thousand millions euros of losses in the southeastern region of France. Even moderate earthquakes in the Pyrenees (Arudy Ossau-1980, ML = 5.1) and the Alps (Annecy 1996, ML = 4.8) have caused several million euros of damage as observed in other seismic prone regions (e.g., Pierre and Montagne, 2004) . In this context, vulnerability 3/26 assessment studies have been conducted in France, focused on large exposed cities and applying traditional empirical methods. However, the application of empirical methods requires so much information that the evaluation struggles to find sufficient political motivation and financial resources for accomplishing the seismic inventory of buildings. Consequently, the structural characteristics required for the seismic vulnerability assessment of existing buildings are not available for all exposed urban areas of the country, even though seismic exposure is higher than in the past and a repetition of historic earthquakes may provide more casualties and economic losses due to the urbanization growth over the past century, and as suggested by Jackson (2006) for the worldwide situation.
To overcome the lack of building information at the macro scale, one solution would be to assess vulnerability not considering the information required but the information already available in a region or country. In this paper, a datamining method based on Association Rule Learning (ARL) is applied to define a vulnerability proxy between the elementary characteristics of buildings and the vulnerability classes of the European Macroseismic Scale EMS98 (Grunthal, 1998) . The method was applied to the Grenoble city test-bed described in the first part of this paper. The ARL method is then presented and a vulnerability proxy was derived for a Grenoble city-like environment. The vulnerability proxy is tested in Nice in the third part, a city that has been the subject of a vulnerability study (Spence and Lebrun, 2006) . Finally, the damage produced by historic earthquakes was computed, considering the (equivalent) earthquake-era and the present-day urbanization for simulating seismic damage.
The Grenoble test-bed area
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For the VULNERALP project (Gueguen et al., 2007) (IRIS in the rest of this document) alludes both to the year of establishment and the size, corresponding to 2,000 inhabitants and representing the unit for geographical data distribution.
Municipalities of at least 10,000 inhabitants and most municipalities of between 5,000 and 10,000 inhabitants are divided into IRIS. By extension, municipalities with less than 2,000 inhabitants are considered as an IRIS unit. France has 50,100 IRIS units plus 700 in the overseas region.
Buildings per IRIS are grouped by attributes: the number of storeys divided into three categories (<4, [4] [5] [6] [7] [8] and >8 floors) and the period of construction, according to social and urban evolutions in France (<1915, [1915 France (<1915, [ -1948 , [1949] [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] , [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] , [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] , [1983] [1984] [1985] [1986] [1987] [1988] [1989] and >1990). In Grenoble, the INSEE database contains 6,214 buildings: 3,664 buildings with fewer than four floors; 2,020 buildings with between 4 and 8 floors; 530 buildings with more than 9 floors. The distribution per period of construction is as follows: 1,543 buildings constructed before 1915; 1,180 buildings between 1915 and 1948; 2,034 buildings between 1949 and 1967; 525 buildings between 5/26 1968 and 1974; 263 buildings between 1975 and 1982; 335 buildings between 1983 and 1989; 334 buildings after 1990 . Figure 1 shows the geolocalization of the buildings by IRIS as function of the period of construction (Fig. 1A ) and the number of floors (Fig. 1B) . As already reported by Gueguen et al. (2007) , the characteristics of Grenoble's urbanization observed using INSEE data are partly controlled by the population's growth (Parent, 1982) , and its history.
Association rule learning
Datamining is the process that attempts to discover patterns in large data sets. It utilizes methods of artificial intelligence, machine learning, statistics, and database systems. The overall goal of datamining techniques is to extract information from a data set and transform it into an understandable structure for further use. Agrawal et al. (1993) In order to develop a vulnerability proxy, we tested the simplified ARL method using Grenoble's database of buildings. Structural information (attributes Y) and EMS98 vulnerability classes (item Xi) allow definition of a conditional matrix between Xi and Y (the learning phase). The conditional probability of having a class X={A, B, C, D, E} knowing that an event Y has a non-zero probability (or the probability of Xi, given Y) is the number denoted by P (X | Y) and defined by:
( 1) X and Y are not totally independent because according to almost all empirical methods, vulnerability also depends on elementary structural characteristics. Knowing that we randomly selected one building in the city for the variable "a building belonging to class X", the probability P (X | Y) of experiencing an attribute Y is:
where NXY is the number of buildings belonging to class X with attribute Y, and NY the total number of buildings with attribute Y. In Grenoble, the data set used for the learning sample does not include EMS98 class E or F. Moreover, no information is available on the quality of the expert survey. Therefore, the most likely class of vulnerability was considered herein; further analysis will be carried out in the future, based on more enhanced methods, integrating the most probable EMS98 vulnerability interval.
As often in practice, the number of buildings is not enough to define the most efficient ARL possible. To ensure that our training sample was sufficient, we compared the distribution of the structural parameters used for the learning phase and given by the VULNERALP expert survey, with the INSEE database. We focused on the two attributes available in INSEE, with the objective of extending the association to the whole French territory. Nevertheless, the shape of the roof (flat Table 1 shows that buildings randomly surveyed in the city of Grenoble for the VULNERALP project are representative of the area's urbanization as a whole, their distributions being quite similar (maximum difference observed 10%).
The vulnerability class Xi was then associated to attributes using the ARL methods, knowing Y attributes and using Eq. 2. Considering each attribute, a conditional probability relationship was obtained and used as a vulnerability proxy. For example, the probability P (B|Y1) that buildings are in EMS98 class B, knowing that Y1 is [building constructed before 1945] is 0.838. Table 2 summarizes the Grenoble vulnerability matrix (GVM) of each conditional probability of being in EMS98 class X, knowing information related to Y, and called the GVM proxy hereafter. We note that the majority of buildings constructed before 1945 are in class B, while those in the period [1945 -2000] are primarily Class C. For buildings built after 2000, a similar distribution between Classes C and D is observed. Furthermore, Yi items can be crossed to introduce additional building characteristics for refining probability P(X | Y). All possible combinations using the 3 basic parameters (i.e., number of storeys, period of construction and roof shape) were taken into account but only the two parameters found in INSEE Database were considered for this paper (Tab. 2).
Finally, having accomplished the learning phase giving the GVM proxy, the second phase can be implemented to obtain the geolocalized distribution of classes Xi in each IRIS, knowing Y for the whole French territory (Eq. 2). For example, since the INSEE database provides the numbers of
buildings with fewer than 3 floors (N1, attribute Y1), [3] [4] [5] floors (N2, attribute Y2) and more than 5 floors (N3, attribute Y3), the probability P (A) in each IRIS is given by the formula:
P(A)=(N1 P(A|Y1) + N2 P(A|Y2)+ N3 P(A|Y3)) /(N1+N2+N3)
The twelve combinations crossing [number of floors] and [period of construction] (Tab. 2), used for the learning phase according to the VULNERALP database and applied to the INSEE intervals for the application phase, are given by the following formula:
with Pj (X) as the probability of having vulnerability class Xi = (A, B, C, D) in each j IRIS cell, Nji the number of buildings with attribute Yi within j, N the total number of buildings in IRIS j and P (Xi|Y) the value of the probability given by the GVM proxy for the X=>Yi association (Tab. 2). Table 3 
Validation of the GVM proxy method in the city of Nice
The city of Nice, another of France's most exposed cities to seismic risk, has undergone numerous vulnerability evaluations (e.g., Bard et al., 2005; Spence and Lebrun, 2006) . In order to validate the GVM proxy, seismic damage in Nice was predicted using the GVM proxy applied to INSEE data and with the vulnerability indexes obtained by the RiskUE method.
The RiskUE analysis (Lagomarsino and Giovinazzi, 2006 ) assigns a vulnerability index (Iv). Iv is defined by the structural characteristics of the buildings, adjusted according to damage observed during earthquakes in Italy. The damage for a given seismic demand expressed as macroseismic intensity (IEMS98) is given by the formula:
where µD is the average observed damage in buildings. EMS98 characterizes damage according to 6 levels (Dk with k = 0,1,2,3,4,5), ranging from D0 (no damage) to D5 (complete destruction). To take into account the variability of the damage grade level k in a set of buildings, Lagomarsino and Giovinazzi (2006) assume a binomial distribution of damage level. Therefore, the probability P(Dk) of observing each damage level Dk (k = 0 to 5) for a given damage µD is evaluated according to the probability function of the binomial distribution, namely:
This gives the distribution of buildings for each level of damage considering a set of buildings, or the probability of observing each level of damage for a given building. In Nice, the RiskUE project identified 27 zones (ZRiskUE) considered homogeneous for vulnerability assessment (Fig. 3A) . A random sample of buildings was selected to assess the vulnerability of each zone, with Iv between 0.365 and 0.849. Every ZRiskUE was then geolocalized and characterized by a surface area (squaremetre) and an average vulnerability Iv.
The EMS98 vulnerability classes spatially distributed and deduced from the GVM proxy are given in Fig. 3B . Most of the buildings are in Classes B and C (96%) and 4% are in classes A and D. The traditional trends observed in European urban centers are also observed in Nice, namely the more vulnerable historic down-town area with 60-80% in Class B, more modern and less vulnerable suburb areas (mostly class C). As INSEE and RiskUE zoning rules are not the same, data was fused by reducing the information to a common reference to enable comparison (i.e., data alignment process). Thus, the city was divided into elementary zones i as small as possible, so that Zi = ZRiskUE ∩ ZIRIS (i = 1:457) ultimately corresponding to 457 elementary zones. For each Zi, RiskUE vulnerabilities (Iv) were assigned assuming homogeneous distribution of vulnerability, i.e.:
Meanwhile, the distribution of building classes in the area Zi belonging to ZIRIS was calculated in proportion to the surface ratio between Zi and ZIRIS, i.e.:
The data alignment process resulted in some vulnerability information being different between RiskUE and the GVM proxy. This is the case of ZRiskUE #9, for example, which is characterized by
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low vulnerability since it covers recent urbanization while the ZIRIS crossing this zone covers more or less all of the historic down-town area with high vulnerability. For this reason, the comparison between RiskUE and the GVM proxy must be made at a macro scale rather than zone by zone.
The EMS98 intensity scale contains 12 degrees, i.e. I (not felt) to XII (general catastrophe), based on the perception of the earthquake and the degree of damage observed, taking into account the class of the buildings. For example, damage to buildings appears from intensity V, with D1 damage grade affecting some buildings of classes A and B (Grunthal, 1998) . The number is defined by a literal qualification, associated with a damage percentage as proposed by Lagomarsino and Giovinazzi (2006) : "some" (5%), "many" (35%) and "most "(80%). On this basis, damage matrices are established giving the occurrence probability distribution P(D=Dk) for each intensity as a function of building vulnerability (Fig. 4) . All the buildings must be described according to Dk, i.e.
Σ P(D=Dk) =1 (k=0.5), so we assume the damage matrices can be extended to replace the missing information in the description of the intensities, according to the description of damage in EMS98,
i.e. a monotonically decreasing function at a higher damage level Dk and corresponding to the lowest intensity, a normal distribution of probabilities around the mean damage grade for an intermediate level of damage, and a monotonically increasing function at a low damage level Dk, typical of higher intensities. For example, for buildings in Class A and intensity VII, EMS98
mentions that "many (35%) buildings in vulnerability class A suffer damage of grade 3, few (5%) grade 4." The remaining 60% are distributed over the lower levels of damage to propose a continuous, smoothed probability function of damage, as shown in Fig. 4 . Figure 5 shows the probability of occurrence of damage Dk for intensities V to X, computed with RiskUE and the GVM proxy, for each Zi and averaged for the scale of the city. Unlike the RiskUE method, which gives a non-zero probability of damage, the probability for the highest Dk and lowest intensity are associated with zero due to discrete representation of the damage grade in the 12/26 EMS98 method. Slight differences are observed at the macro scale, except for the lowest intensities.
Nevertheless, for the intensities causing damage, the orders of magnitude of the damage occurrence probability are quite similar. Although the GVM proxy was defined for a Grenoble-like environment, the damage prediction provides reliable information at the first order and allows generalization to the whole of the French territory, ultimately producing a geo-localized assessment of vulnerability.
A new look at France's historic earthquakes and predicting their consequences in 2013.
In 1909, the historic Lambesc earthquake, southeastern France, was probably the strongest earthquake in recent history. This earthquake produced macroseismic intensities of VIII in the epicentral area (Fig. 6) , 30km from Marseille, France's second city in terms of population and economic activity. Its magnitude was recently re-appraised and estimated at around 6.0 (Baroux et al., 2004) . Because of its shallow depth (less than 10km), it was felt more than 300km from the epicenter, affecting a rural area. 46 casualties were reported after the event and referenced in the SisFrance database (Scotti et al., 2004) , occurring in different towns located less than 50km from the epicenter, and about 250 injured persons were reported. In term of loss, damage to the buildings was serious, as summarized by Lambert (1997) , in different cities within the region affected.
Although there is no detailed quantitative information in the historic description of damage, this information can be used as ground truth for comparing predictions and observations. This earthquake is all the more important since it served as a scenario in 1982 to forecast seismic losses and casualties taking into account urbanisation evolutions between 1909 and 1982, (MED82). The results provided information that increased the awareness of the authorities, an element (among others) that led to the establishment of the modern national earthquake rules for construction design, published 15 years later.
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In our analysis, we consider a square surface including all sectors with a macroseismic intensity above V and some with an intensity between III and IV (Fig. 6 ). In total, the studied area represents 4254 IRIS covering a large part of southeastern France. Since the INSEE database does not give information on the inventory of past -and now inexistent -buildings, we assume that the number of buildings per attribute corresponds to the buildings that were present in each period. We thus assume a slow rate of replacement and are able to provide an approximate simulation of the damage Although the probability of the same earthquake re-occurring is extremely low in a diffuse seismicity region, this technique eliminates the difficulties of simulating ground motion using GMICEs or GMPEs, including site and source effects, by considering the 1909 macroseismic intensity curves (Fig. 6 ) as representing the seismic demand. Damage probability in each grade is 14/26 computed with Eqs. 3 to 6. by crossing the GVM proxy applied to the INSEE attributes and using the 1909 macroseismic intensity curves as seismic demand. The number of buildings in each damage grade is displayed on Fig. 8 , grouped into three classes according to the EMS98 scale: no or slight damage (D0+D1), moderate damage (D2+D3) and heavy damage (D4+D5). However, to compare with historical description available in villages or cities, damage is computed separating slight damage (D1+D2) and strong damage (D3+D4+D5). Figure 8A represents the number of buildings in each class of damage for the 1909 earthquake affecting dwellings built before 1915.
The highest damage computed is localized close to the epicenter, 150 buildings would suffer heavy damage, while 3,890 are estimated as suffering moderate damage, the rest being distributed over the studied area. The historic information shows a reliable estimate of the consequences of the damage: representing 61% of the buildings (Fig. 8) : 370 buildings show strong levels of damage (D4 and D5), only a dozen buildings are completely destroyed (D5) and more than 15,000 buildings suffer moderate damage (D2+D3). Largest damage are expected in main cities: 82% of the buildings in Lambesc, 62% suffering minor damage and 20% suffering extensive structural damage, Aix-enProvence (15km) with nearly 30% of the city damaged, 8% with damage greater than D3, Marseille, Nimes or Avignon with between 2 and 4% of slightly damaged buildings (D1+D2).
Conclusions
The aim of this paper is to validate a macro-scale methodology for seismic vulnerability assessment, in a situation where only a poor description of construction characteristics is available for a large number of the buildings studied. In order to eliminate these difficulties, the basic idea of our approach is to extract information on the vulnerability of urbanization from elementary attributes of buildings. In a moderate seismic prone region, where it is often difficult to mobilize resources for the reduction of seismic risk, the idea of using readily-available data to expand the assessment to any given region is obviously of interest. Using the information available in Grenoble, we proposed a vulnerability proxy (GVM proxy) defined using the Association Rule Learning method. This proxy was first defined (learning phase) using the Grenoble database with the elementary attributes describing the buildings as listed in the French national census. It was then validated in Nice and finally tested for the historic Lambesc earthquake which struck south-eastern
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France in 1909. Although the attributes describing the buildings are very basic, the analyses for Nice and Lambesc provided results that confirm the pertinence of our solution.
The state of urbanization in Grenoble may be different from that of other cities in France, however, our investigation shows that when applied, the proxy provides reliable estimates of damage for earthquake scenarios. In Nice, a more sophisticated method (RiskUE), based on a relatively detailed description of structural features, produced similar levels of damage across the city, macroseismic intensity being considered as the seismic demand parameter. In Lambesc, simulation of the 1909 historic earthquake and comparison with a previous simulation conducted in 1982, show that the damage estimates using the vulnerability proxy are relevant. Because of the lack of elements of comparison and the lack of details about historic damage, it is difficult to quantify the assessment errors that might be obtained for a given earthquake. However, the datamining method ARL appears to be well suited to the large-scale assessment of seismic vulnerability and thus to the simulation of seismic damage. We can thus highlight certain obvious trends, such as the reduction in the proportion of vulnerable buildings with the development of urbanization. We can also confirm the increasing effects of earthquakes in terms of damage, mainly due to the explosion of urbanization and urban concentrations in certain areas prone to seismic hazard, For example, in the Lambesc region, if the 1909 earthquake had occurred in 2013, there would be serious consequences in terms of casualties and economic losses: 370 buildings would suffer strong levels of damage (D4 and D5), a dozen buildings would be completely destroyed (D5) and more than 15,000 buildings affected by moderate damage (D2+D3). All things considered, we observe damage comparable to those observed during the earthquakes of similar magnitude in L'Aquila in Italy or Christchurch, NewZealand.
While the application of this proxy to other regions outside France remains to be tested, a machine or proxy may be developed to estimate damage in a broader region. These are essential elements to enable the evaluation of economic and human losses. Once the distribution of vulnerability classes
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is known, the consequences in terms of damage can be simulated rapidly after an earthquake, providing an additional element to the simulation of ground motion via Shakemap for a seismic warning system. [1945 -1970[ 36.45 % 37.29 % [1970 -2000] 28.19 % 17.95% 26/26
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